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Summary

This document represents a final report of the research work conducted at Stanford
University under AFOSR Grant 81-0022 from 1 October 1980 to 30 September 1985.
Below we give a very brief summary of the most important results of that work. These
results are described in more detail in the body of this report and in a complete way in the
dissertations and published papers that have come from this research.

research workonducted under this s with the structure and
mechanical properties of high temperature metals and alloys in which a significant
contribution to strengthening is made by dispersed second phase particles. Because the
research has been conducted on both aluminum and nickel based alloys, this report is
organized along these lines.

We have studied, for the first time, the combined effects of oxide dispersion and
solute strengthening at high temperatures in an ODS aluminum-magnesium alloy. We
find that the oxide particles contribute significantly to the strength at high temperatures,
as expected, but that the strength of the ODS alloy at intermediate temperatures is actually
lamr than that for the solid solution without oxide particles. This suggests that solute
strengthening cannot be combined efficiently with oxide strengthening in the design of
ODS alloys. Because rapidly solidified aluminum alloys are so similar to ODS aluminum
alloys, a study of the high temperature strength properties of Al-Fe-Ce alloys has also
been conducted. We find these alloys to be much stronger than ODS aluminum at low and
intermediate temperatures but they are much weaker than the ODS alloys at very high
temperatures. This weakening effect is caused mainly by twinning deformation of the
intermetallic particles at high temperatures. This suggests that much more refractory
particles, such as oxides or carbides, are needed for high temperature strength We have
used mechanical alloying to create oxide and carbide particles in Al-Fe-Ce . .rs and we
have found that a very significant improvement in high temperature strength can be
achieved in this way. High temperature compressive strengths can be increased by as
much as a factor of five using this technique.

". : We have studied the high temperature deformation and fracture properties of ODS
nickel based alloy in both the fine grained and coarse grained conditions. The fine grained
condition typically exists just after hot working, but before the final annealing treatment
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is used to cause grain coarsening. We find extrodinarily fine grains present in MA 6000
under these conditions, with some grains being as small as 0.2Sp.m As expected, the alloy
is superplastic in this state and the superplasticity occurs only at very high strain rates.
A maximum tensile elongation of 300% can be achieved at 1000 C at a strain rate of
almost 1 per second. This suggests that these alloys can be readily formed and shaped in
this condition. In the coarse grained condition ODS alloys are extremely creep resistant
because the grains themselves are strengthened by oxide dispersoids and because the few
grain boundaries that are present are nearly parallel to the stress axis. For this reason
ODS alloys typically exhibit a threshold stress, below which the creep rate falls to a very
low value. However, at very high temperatures appreciable creep occurs below the

threshold stress. We have studied this kind of creep in MA 754 and found that it is
associated with grain boundary sliding and cavitation. Unrecrystallized regions of fine
grains present along some of the longitudinal grain boundaries permit sliding on these
boundaries and cavitation to occur on the transverse boundaries. Resistance to this kind
of creep failure process can be improved by designing the alloy with a smaller volume
fraction of second phase particles so that the grain coarsening process can go to

completion.
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L Introduction

It has been well known for a long time that metals and alloys lose their strength at
elevated temperatures because diffusional processes lead to coarsening of the
microstructure responsible for the strength. Cold worked metals lose their strength at

high temperatures because dislocations are able to climb and annihilate. Precipitation
strengthened alloys also become weak at high temperatures, both because the precipitates

dissolve and because they coarsen by diffusional processes. In order to produce strong

metals and alloys at high temperatures it is essential that the strengthening mechanisms

be based on strengthening phases that do not degrade at high temperatures. One of the

important ways to achieve this is through the use of second phase particles of very stable

phases, such as oxides and carbides. Thus oxide dispersion strengthened (ODS) alloys

represent a very important class of high temperature alloys. These materials have played

an important role in high performance gas turbine engines which require high

temperature strength and they are expected to play a significant role as structural

materials for hypersonic aircraft. The so-called "Orient Express" airplane will have to be

made of very light weight materials that can withstand very high temperatures. It seems

certain the metals and alloys will not meet these requirements unless they are

strengthened by ceramic phases, such as oxides or carbides in either dispersoid or fiber

form. All of the work conducted under this research program relates to the structure and

high temperature mechanical properties of these high performance ODS alloys. The work

we have done should provide guidelines for the design and use of these materials in

advanced aircraft engines and structures.

All of the work presented here is described in much more detail in the dissertations

and publications listed at the end of this report. Only the highlights of our findings will

be described here. Because the work we have done relates either to high temperature

aluminum alloys or to high temperature nickel based alloys, we have organized this

report along these lines.

~3



UI. Research Report

A. High Temperature Aluminum Alloys

1. The Combined Effects of Oxide Dihpeion and Solute Strengthening

Virtually all previous investigations of dispersion strengthening have involved
alloys in which the matrix is, or behaves like, a pure metal. Although it is of interest to
understand how dispersoids affect deformation of pure metals, in any commercial
application dispersion strengthening will be combined with other strengthening
mechanisms. At very high temperatures, where dispersion strengthening is most
effective, the only other stable strengthening mechanism is that associated with solute, as
precipitates tend to dissolve or coarsen at high temperatures and dislocation substructures
tend to anneal out. To understand the combined effects of dispersion strengthening and
soulte strengthening we have studied the high temperature compression strength
properties of an Al-Mg solid solution alloy containing oxide dispersoids [1].

That magnesium solute atoms are effective in strengthening aluminum at high
temperatures is evident from the data shown in Fig. 1. Here the high temperature creep
data for aluminum and aluminum-magnesium solid solution alloys of various
compositions are compared. For convenience of comparison the strain rates and stresses
have been normalized, respectively, by the lattice self diffusivity and elastic modulus of
pure aluminum. It is obvious that the Al-Mg alloys are stronger than pure aluminum by
at least a factor of three at all stresses, strain rates and temperatures (the different
temperatures are not shown as they are taken into account by the normalizing factors). It
is apparent that solute strengthening represents an effective strengthening mechanism at
high temperatures.

In order to study the combined effects of solute and dispersion strengthening we
have measured the high temperature compresssion strength properties of IN-905 1, an ODS
Al-Mg alloy. The results of these tests are shown in Fig. 2, again in normalized form.
The data for Al-Mg solid solutions without the dispersoid particles are shown as a solid
line. At the highest temperatures the ODS Al-Mg alloy is very much stronger than the
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solid solution, as expected. The dispeusoids do increase the high temperature strength of
the solid solution. An unusual effect is found at lower temperatures and higher strain

rates. Here the ODS Al-Mg alloy is actually weaker than the solid solution without

particles.

We have explained the weakening effect of particles by noting that the motion of a
dislocation past a particle by the Orowan looping mechanism will create very sharp cusps
in the dislocation line and that the dislocation will escape from its solute atmosphere
when this occurs. Support for this concept is found in the data for the lowest temperature
and highest strain rate. Here, where the solute atmospheres have been stripped away from
the dislocations, the strain rate-stress relation is the same as that for the AI-Mg alloys at
very high temperatures (see dashed curve). This is expected because solute atmospheres
are also not present on dislocations at very high temperatures.

Another important finding of our work is that the high temperature strength of the
ODS Al-Mg solid solution is actually less than that of the ODS pure aluminum. This was
not expected because it was supposed that the solute strengthening effect of Mg could be
added to the dispersion strengthening effect of A120 3 . However, MgO, not A120 3 , is the
stable oxide phase in the ODS Al-Mg alloy. Because MgO is much weaker than A120 3 and
can be sheared more readily, it is not as effective as a dispersoid. This accounts for the
poorer strength properties of the ODS Al-Mg alloy at very high temperatures.

Theoretical Studies of Solute Pinning of Diklocatin

Our work on the high temperature strength properties of ODS solid solutions
*required some knowledge about the interaction between solute atoms and dislocations.

Although much theoretical work had been done on the binding force between a dislocation

and its surrounding solutes, none of the previous studies had considered realistic laws for
*" the distribution of solutes about the dislocation and none had taken account of the finite

(non-singular) stresses at the core of the dislocation. Our first work on this subject (21
dealt with the binding force between a singular edge dislocation and a Fermi-Dirac

. atmosphere. We found for this case that the pinning force exerted by the solute atoms on
the dislocation could not be reduced by increasing the temperature. This is contrary to
expectation and to general experience. This unexpected result is obtained because a
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singular stress field is used in the calculation even for the dislocation core. To correct this

problem it was necessary to treat the case of a Peierls-Nabarro dislocation with a

Fermi-Dirac solute atmosphere. This was done in our second work on this subject (3].
With this treatment we found that the pinning force is indeed a function of temperature, ".-
as expected. The work shows, however, that it is necessary to consider both realistic

forms of the solute distribution as well as realistic stress distributions in the dislocation

core to give a proper account of the pinning force exerted by solute atoms on a dislocation.

This theoretical analysis proved useful in the study of strengthening of ODS Al-Mg alloys

described above.

3. -igh Tempeature Strength Prop e of Al-Fe-Ce Alov

During the past few years considerable effort has been devoted to the development of

high stegth aluminum alloys to replace titanium alloys for a number of high

temperature applications. The alloys that have been developed are formed by rapid

solidification techniques and depend on a large volume fraction of fimely dispersed

intermetallic compounds for their elevated temperature strength. Several investigators

have shown that one of the most promising alloy systems of this kind is the A-Fe-Ce

ternay system. The high temperature deformation properties of these alloys had not been

studied extensively and these properties had not been compared with the properties of ODS

aluminum alloys. The aim of our work was to conduct these studies and to make this

comparison [4-5].

A consolidated and extruded bar of A-8.4 wt.%Fe-3.6 wt%Ce was obtained from

Lockheed California and samples were made for compression testing at elevated

temperatures. The results of the tests are shown in Fig. 3 in normalized form. Data for

ODS pure aluminum is also shown in the figure for comparison. It is evident that the

data for A-Fe-Ce at the lowest temperatures show a high stress exponent for creep flow,

much like ordinary dispersion strengthened alloys. Also, at these low temperatures the

alloy is much stronger than the ODS Al. However, at high temperatures the Al-Fe-Ce

alloy becomes much weaker than the ODS alloy, in spite of the much higher volume

fraction of intermetallic phase in the alloy. Much of our research has been devoted to

understanding this weakening process.
77
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The rapid loss of strength of the Al-Fe-Ce alloy at high temperatures is not caused
by coarsening of the intermetallic particles. Some coarsening does occur and we have

observed that coarsening but it cannot account for the severe loss of strength that occurs

at high temperatures. One sample was aged at 773 K for 7 hours and subsequently tested

at a lower temperature (573 K). As shown in Fig. 3, the strength after aging is not much

lower than the strength before aging, especially in comparison to the large loss of strength

associated with testing at high temperature. This suggests that coarsening is not the

primary cause of the weakening.

We believe the severe loss of strength of Al-Fe-Ce at high temperatures occurs

because the intermetallic particles begin to deform. Although we have not obtained direct

-J proof of particle deformation, substantial evidence exists to support this claim. We find

that the deformation characteristics of Al-Fe-Ce are like those of alloys in which the

second phase particles deform and are unlike those of ODS in which the particles do not

deform. This is shown as follows. The uncompensated strain rate-stress data for

Al-Fe-Ce are shown in Fig. 4. Similar data for a i strengthened nickel based alloy

(Udimet 115) in which the particles are known to shear during deformation are shown in

Fig. 5. For both Al-Fe-Ce and the y strengthened alloy the stress exponent decreases with

increasing temperature. Also, the activation energy for deformation increases with

increasing temperature for both alloys and becomes much larger than that for lattice self
4. diffusion in the matrix. All of these characteristics suggest that creep is controlled by

particle deformation at high temperatures, or equivalently that the alloys lose their

strength at high temperatures because the particles begin to deform. Figure 6 shows the

kind of strain rate-stress relations expected when the particles do not deform. All of the

trends in this case are opposite to those found for Al-Fe-Ce. Again this suggests that,
-i unlike ODS alloys, rapidly solidified Al-Fe-Ce alloys lose their strength at high

temperatures because the second phase particles begin to deform.

In order to prevent the loss of elevated temperature strength in Al-Fe-Ce it is
necessary to supplement the strengthening of the intermetallic phases by the addition of

more refractory phases such as oxides and carbides. We have done this by mechanical

alloying. Al-Fe-Ce powders have been mechanically alloyed in the presence of an organic

lubricant and air. The result is a powder in which oxides and carbides are dispersed in

each powder particle on a fine scale. These powders were consolidated by cold pressing

and hot extrusion and samples were made for compression testing. Some of the results of

7
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4.

the elevated temperature testing are shown in Fig. 7. These data are for materials made of
powders that had been mechanically alloyed for 180 minutes. The data for Al-Fe-Ce
without mechanical alloying is also shown for comparison. A comparison of the two sets
of data indicate that the oxides and carbides present in the mechanically alloyed material

improve the strength by as much as a factor of eight ! (773K at 10-5 s'1 ).

B. High Temperature Nickel Based Alloys

1- Superplastie Deformation of ODS Alloys

The synthesis of ODS alloys begins with mechanical alloying of powders to produce

the desired composition. Following consolidation of the powders into the form of a billet,
the material is hot-extruded and hot-rolled; this produces an extremely fine grain size and

a high dislocation density. Finally, the material is zone annealed at approximately
nine-tenths of the melting temperature to produce an extremely coae, elongated grain

structure. ODS alloys produced in this way have excellent resistance to creep, but limited

creep ductilities. Consequently they cannot be shaped by metal working methods.

However, in the hot worked condition, before the coarse grains are formed, the material
naturally has much higher ductility. Thus, it may be possible to form intricately shaped

parts using ODS alloys in the fine grained condition, and then to obtain coarse grains and
high creep resistance by subsequent annealing. In an effort to explore this possibility we

have studied both the high temperature deformation characteristics of fine grained MA

754 and MA 6000 and their annealing behavior after deformation [6-7].

The basic deformation properties of fine grained MA 754 and MA 6000 are shown in

Figs. 8 and 9. For both alloys, generally high stress exponents for deformation are

observed. This is typical of high temperature deformation of ODS alloys. However, both
alloys exhibit regimes of deformation behavior in which the stress exponent is quite small

(or equivalently that the strain rate sensitivity is quite large). For MA 6000 at 1273 K
', (1000 C) this occurs at a strain rate of about 1 per second. The strain rate sensitivity at

this high strain rate is about 0.5, the value found for many superplastic alloys. Indeed, as

shown in Fig. 10, MA 6000 in the fine grained condition does exhibit superplastic:
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behavior under these conditions. These properties indicate that MA 6000 can be
, superplastically formed at 1000 C. It is of interest to point out that the superplasticity

found in MA 6000 occurs at an unusually high strain rate because of the very fine grain

size of this material. Superplastic alloys with grain sizes of 2-3 gm can typically be
superplastically deformed at a strain rate of 10-3 per second. Because the grain size of MA

6000 is an order of magnitude smaller than this, the corresponding strain rate is three
orders of magnitude higher (because stain rate varies inversely with the third power of
the grain size). Although MA 754 does not show classical superplastic behavior, it does
have quite high tensile ductility in the fine grained condition and thus could be deformed

extensively in a forming process.

Some understanding of the flow behavior of fine grained MA 6000 can be obtained
by considering the results shown in Fig. 11. Here we compare the flow properties at 1273
K with various model predictions. The grain boundary diffusional flow rate (Coble Creep
rate) for pure Ni with the grain size of MA 6000 is shown as a dashed line. It is not
unreasonable to assume that the Coble creep rate for MA 6000 is slower than that for pure
Ni by about an order of magnitude. This is shown as a solid line. We note hatthia

estimate of the diffusional creep rate coincides closely with the data points showing the

highest strain rate sensitivity. We believe that the "bump" on the strain rate-stress curve
for MA 6000 is caused by a grain boundary diffusional creep process that becomes
significant below about 200 MPa. If only grain boundary diffusion were involved, one
would expect the creep data to follow the Coble creep law (solid line). Instead what is
observed is a threshold stress (shown as a vertical dashed line) below which the creep rate
quickly drops to a very low value. We believe that dispersoid particles in the grain
boundaries inhibit grain boundary diffusional processes below the threhold stress. At
still lower stress ordinary power law creep of the kind expected for pure Ni is observed. It
is still not clear why the dispersoid particles should inhibit diffusional processes and not
power law dislocation creep.

2. Theoretical Studies of Dislocation Pinning by Oxide Partircles

One of the central problems in the theory of dispersion strengthening involves the

origin of the threshold stress for creep. It is now well established the dispersion
strengthened single crystals can creep at measurable rates only above a critical sumes,

9



Ih

0. II

100t° MAOO- - -

1273 K .- "0

0 Coble Creep Law
for Pure Ni

.10

"T' io-z  }/ Assumef
Cable Creep La

Stresseshold

Fig. omaw for MAo6000

cre hrceitc fM 00 sw stethrsodo~ diffusional
flo areinicaed

t Creep o

C=~ ~ ur NiTrehl

(.r)'ssme Power Law4J/• re
IO -6  Creep of AOO

to/

;, O0  i t 02  O3

i .i~iStress (MPa)

Fig. I I. Comparison of the flow data for MA 6000 at 1273 K with the predicted '

dislocation and Coble creep behavior of Ni. The assumed dislocation and Coble h

creep characteristics of MA 6000, as well as the threshold stress for diffusional

fnow are indicated.



called the threshold stress. However it has been difficult to understand the origin of this
threshold stress. Dislocations in the matrix are thought to be repelled by the oxide
particles (because the elastic shear moduii of the particles are usually greater than those
of typical metal matrices). If this were true, dislocations could easily climb past
dispersoids and a threshold stresses would not be observed. We have found that a good
account of the threshold stress can be developed if it is recognized the local sliding and
diffusional relaxation processes at the interface between the dispersoid and the matrix can
cause dislocations to be attracted to the dispersiods [8]. With this picture, dislocations are
actually pinned by dispersoids and the threshold stress is that which is needed to pull the
dislocations from the pinning particles; the threshold stress is closely related to the
Orowan stress. Direct observations of this pinning process have been observed by others.

3. Mechanisms of Creep and Fracture in Grain Coarsened ODS Alloys .4,.

There are two guiding principles that govern the design and use of ODS alloys: One
involves the strengthening of the grains themselves through the pinning of dislocations
by dispersoids and the other involves the minimization of grain boundary sliding and

cavitation through the development of a coarse, elongated grain structure. Most previous
creep studies have been conducted at suesses and temperatures at which the pinning of
dislocations by dispersoids is the controlling factor. Under these conditions creep is
characterized by a threshold sutss, below which the creep rate falls to a very low value.
This implies that at stresses well below the threshold stress the creep rate would be zero,
regardless of the temperature. However, the presence of even a few grain boundaries in
the sample suggests otherwise. At low stesses and high temperatures grain boundary
sliding and cavitation represents an alternative creep mechanism. We have explored this
kind of creep behavior by testing two different heats of grain coarsened MA 754 at very
high temperatures (9-11]. A

The materials we have studied have very coarse, elongated grains (600um x 140gm
x 601m) with a strong (1 0I<001> texture. With this kind of grain structure, most of the

grain boundaries in the sample are low angle boundaries. Because of this one might not
expect much creep to occur by grain boundary sliding. Figure 12 shows that this is not the
case. Above 100 MPa the creep stress exponent is very large (46) suggesting that creep is

10
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controlled by dispersoid pinning of dislocations in this regime. Below 100 MPa, however,
a very different picture emerges. Here the creep stress exponent falls to a very low value
for a dispersion strengthened material. At low stresses the measured creep rate is many
orders of magnitude higher than would be expected from an extrapolation of the high
stress behavior. We believe this enhanced creep rate effect is caused by grain bondary
sliding and cavitation. We have found that creep fracture is transganular above the

transition stress and intergranular below that stress. This strongly indicates that creep
and fracture are controlled by the grains themselves at high stresses and by the grain

boundaries at low stresses.

The creep properties of two different heats of MA 754 are shown in Fig. 13. Both
heats show a high stress exponent for creep at high stresses indicating that dislocation
pinning controls creep at high stresses. Heat 2 is considerably stronger than Heat I in this
regime. Small angle x-ray scattering studies of these two heats indicate that the
dispersoids in Heat 2 are more closely spaced than those in Heat I [12]. This accounts for
the observed differences in strength. At low stresses and strain rates both heats show
lower stress exponents, but the weakening effect in Heat 2 is much more dramatic than
that in Heat 1. Indeed, Heat 2 actually becomes weaker than Heat I at low strain rates.
This remarkable effect is caused by grain boundary sliding and cavitation. The

longitudinal grain boundaries in Heat 2 were found to contain pockets of small
unrecrystallized grains. We believe that the deformation of these small grains, which is
quite rapid at high temperatures, allows the coarse grains to slide past each other and to
contribute to the creep rate by pulling apart. Although Heat 1 is weaker than Heat 2 at
high strain rates because the dispersoids in it are more widely spaced, it is stronger at low
strain rates because the longitudinal boundaries are essentially free of unrecrystallized

grains. The comparison of creep properties of Heats I and 2 illustrates the trade-off that is
always necessary in the design of ODS alloys. A high concentration of dispersoids can
produce high strengths at high strain rates (and low temperatures) but it will lead to

small, unrecrystallized grains in the structure and this will cause weakening at low strain
rates (and high temperatures).

a. 2.
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Fig. 13. Minimum strain rate as a function of stress for Heat 2 at 1093 C. The data trend

lines of Heat 1 are shown for comparison. The dislocation creep strength of Heat

2 is greater than that for Heat 1. However, the low stress exponent at low

stresses for Heat 2 leads to a crossover in creep strength at a minimum strain

rate of 5x10-9 s"1.
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